ABSTRACT The fluorescence properties of 3-methyl-isoxanthopterin (3-MI) incorporated into different oligonucleotides have been determined. This highly fluorescent guanosine analog has its absorption and fluorescence spectra well resolved from those of the normal nucleotides and the aromatic amino acids. The small shifts observed in absorption and fluorescence emission spectra upon incorporation of 3-MI into these oligonucleotides are consistent with a general solvent effect and do not suggest any contribution from the position of the probe from the 5' end, the sequence of nucleotides immediately 5' or 3' to the probe, or the single-or double-stranded nature of the oligomer. However, steady-state and time-resolved fluorescence studies indicate that the presence of a purine immediately 5' or 3' to the probe results in some dynamic but mostly static quenching in the single-stranded oligomer. Furthermore, a 3' purine is more effective than a 5' purine, and an adenine appears to be more effective than a guanine for these static quenching interactions. Formation of the doublestranded oligomer leads to an additional loss of quantum yield, which can also be ascribed primarily to static quenching. These results show that this new class of spectrally enhanced fluorescent purine analogs will be able to provide useful information concerning the perturbation of nucleic acid structures.
INTRODUCTION
Examination of the structure and dynamics of protein-DNA complexes should provide important information about how these macromolecules interact and function. Fluorescence spectroscopic techniques can be extremely useful as specific sites in both the protein and the nucleic acid can be examined and as the studies can be performed under physiological conditions, especially with respect to concentration. Although extrinsic fluorescent probes can be useful, through either a covalent attachment or a noncovalent interaction, it is preferable to use naturally occurring chromophores or related analogs as intrinsic fluorophores to minimize any possibility of perturbation induced by an outside agent.
The use of naturally occurring chromophores to study protein-DNA interactions has its limitations. For example, it is difficult to use fluorescence spectroscopy for solution studies of nucleic acid structure, function, and dynamics. The usual bases all have very low fluorescence quantum yields as well as similar absorption and emission spectra (Konev, 1967) . As a result, sensitivity is low and it is difficult to know which base absorbs and/or emits the light. Although protein structure, function, and dynamics have been extensively studied in solution by the fluorescence of tryptophan residues (Beechem and Brand, 1979) , it becomes difficult to interpret results when there are more than one protein involved, each with one or more tryptophan residues. Furthermore, the large extinction of the nucleic acids, even at 295 nm, effectively filters the light meant to excite the tryptophans in a protein-DNA complex.
Recently, tryptophan analogs with an absorption band at lower energies (red-shifted) than that of tryptophan have been shown to be very useful in examining protein-protein and protein-DNA complexes (Hogue et al., 1992 ; Ross et al., 1992 Ross et al., , 1997 . This spectral enhancement allows these analogs to be exclusively excited for fluorescence studies even when in the presence of DNA or other tryptophancontaining proteins. In analogy with proteins, therefore, a possible approach to help study protein-DNA complexes from the perspective of the DNA is to employ base analogs that have different spectral properties and higher fluorescence quantum yields. One base analog that has been previously examined in short oligonucleotides (oligos) is 2-aminopurine (2-AP) (Nordlund et al., 1989; Guest et al., 1991; Hochstrasser et al., 1994) , which is able to form hydrogen bonds with either thymine or cytosine.
To facilitate fluorescence studies involving oligos, it would be useful to have a series of spectrally enhanced fluorescent nucleotide analogs to permit replacement of any nucleotide while maintaining all aspects of oligo structure, including recognition sites for protein binding. By the systematic replacement of specific nucleotides, this set of analogs should help elucidate the changes in nucleic acid structure and dynamics that result from interactions with other biomolecules. To absorbed by the usual nucleotides and the aromatic amino acids but also have significant quantum yields (Hawkins et al., 1997) . One of these probes, the guanosine analog 3-methyl-8-(2-deoxy-,f-D-ribofuranosyl) isoxanthopterin (3-MI),
is depicted in Fig. 1 . Interestingly, it is the extra carbonyl group at position 7 of the isoxanthopterin ring system that results in the absorption and fluorescence spectral shifts as well as the increased quantum yield.
In this report, we present steady-state and time-resolved fluorescence studies performed on 3-MI free in solution and when incorporated at various positions into single-stranded (ss) and double-stranded (ds) oligos of different lengths and sequences. The results suggest that 3-MI in a ss oligo can form ground-state complexes, particularly with purines immediately 5' or 3' of the probe, and these complexes significantly reduce the fluorescence quantum yield by static quenching processes. The additional loss of quantum yield on formation of the ds oligo can also be shown to be primarily a result of interactions leading to static quenching. These effects should allow an evaluation of the ss/ds nature of the region of the oligo containing the analog.
Unless stated otherwise, all chemicals used in these studies were reagent grade and all experiments were performed at 20°C. The standard buffer was 10 mM Tris, pH 8, with 75 mM KCl and 1 mM EDTA. Table 1 gives the sequences of the oligos used in this study; these oligos permit an evaluation of the fluorescence properties of 3-MI as a function of oligo length, position from the 5' end, and neighboring nucleotides. These oligos were synthesized using an Applied Biosystems model 392 (Foster City, CA) automated DNA synthesizer. The details of the synthesis, including the preparation of 3-MI phosphor-amidite, the incorporation of 3-MI into an oligo, and the purification of the ss oligo as well as an extinction coefficient and other spectroscopic properties of 3-MI have been previously reported (Hawkins et al., 1995) . Oligo strands complementary to those listed in Table 1 , with a cytosine incorporated to complement the 3-MI probe, were similarly synthesized and purified.
Samples
The ss 3-MI-containing oligomers were annealed with their complement strands. An equal molar mixture of the 3-MI-containing strand and its complement was incubated in a 75°C water bath for 10 min. The water bath, with the sample still immersed, was then packed in styrofoam and placed in a 37°C incubator. The temperature of the water bath reached that of the incubator after 5 h. At this time, the sample was removed from the bath/incubator and allowed to cool to room temperature. The annealed, ds material was then purified by fast performance liquid chromatography (Pharmacia Biotech, Piscataway, NJ) at either 4°C or room temperature (-22°C) using a MonoQ ion exchange column (Pharmacia Biotech HR 10/10). The sample was loaded onto the column that was previously equilibrated with standard buffer and then eluted with a linear gradient of 0.25 to 0.75 M KCl over 50 ml. The elution volume for each oligo was length dependent, with elution for the 21-base-pair oligos occurring near 0.62 M KCl. Fractions containing the ds material were combined and then desalted into standard buffer and concentrated using a Centricon 3 (Amicon, Beverly, MA). The 3-MI-containing ds samples exhibited the expected electrophoretic mobilities in a 20% polyacrylamide gel when compared with the mobilities for ds oligos of known length.
The corresponding base with a methyl group instead of the deoxyribose moiety, 3,8-dimethyl-isoxanthopterin (DMI) (see Fig. 1 ), was also prepared (Pfleiderer and Rukwied, 1961) . DMI was studied to determine the effect of the deoxyribose group on the spectroscopic properties of 3-MI. 
3-MI Spectroscopy
Optical densities and absorption spectra of samples were obtained at room temperature using a Hitachi U-3210 UV/Vis dual beam spectrophotometer. Spectra were digitally transferred from the spectrometer to a computer for data analysis and graphics. Fluorescence experiments were carried out in 4 X 10 mm path-length quartz cuvettes, with excitation along the 10-mm axis, on samples having absorbances s0.05 at the excitation wavelength. Steady-state fluorescence measurements of uncorrected spectra, relative quantum yields, anisotropy, and quenching were obtained using an SLM/Aminco SPF 500C spectrofluorimeter. The bandpasses for the excitation and emission monochromators were 4 nm. Relative quantum yields were estimated by comparing the areas of emission spectra, which had been obtained under the same optical conditions, normalized to equivalent optical densities at the excitation wavelength. Fluorescence quenching experiments were performed by adding small aliquots of 1 M acrylamide (Serva, New York, NY; four times recrystallized) dissolved in standard buffer. The quenching data were corrected for dilution and then evaluated using the Stem-Volmer equation (Stem and Volmer, 1919) To obtain the principal polarization spectrum of 3-MI, an aliquot of 3-MI dissolved in ethanol was dried in a flask and redissolved in glycerol (Mallinckrodt, Paris, KY; analytical grade; lot 5092 KLNY had no background fluorescence under the conditions used in these experiments). Fluorescence intensity was monitored at 430 nm on an SLM 4800 spectrofluorimeter modified for photon counting, with excitation and emission bandpasses of 2 and 4 nm, respectively. Four excitation scans were collected from 270 to 400 nm, with the excitation and emission polarizers in the vv, vh, hh, and hv positions, where the first/last letter denotes the position of the excitation/emission polarizer and v represents the vertical and h the horizontal orientations of each polarizer. The steady-state anisotropy, (r), was then calculated as (Iv, -G X Ivh)I(Ivv + 2G X yvh)1, where the instrument correction factor G = Ihv/Ihh and I4y represents the fluorescence intensities for each designated set of polarizer orientations.
Time-resolved fluorescence experiments were done by the time-correlated, single-photon counting method using a fluorimeter that has been described in detail (Hasselbacher et al., 1991) . Samples were excited with vertically polarized 323-or 335-nm light by a frequency-doubled, cavitydumped (4.1 MHz) dye laser, using either a rhodamine (R6G) or a coumarin (DCM) dye that was pumped by a mode-locked (82 MHz), frequency-doubled Nd-YAG laser. Emission wavelengths were selected by a Jobin-Yvon (100 mm) monochromator with a bandpass of 20 nm. Decay curves were collected into 2000 or 4000 channels, with respective timing resolutions of 22 and 11 ps/channel. The instrument response function, obtained by light scattering, was typically collected to a minimum of 100,000 counts in the peak channel whereas decay curves were collected to a minimum of 40,000 counts in the peak channel.
Fluorescence decay data were analyzed by a reconvolution procedure (Grinvald and Steinberg, 1974) using nonlinear least-squares regression (Bevington, 1969) . Intensity decays, Im(t), collected through an emission polarizer set at the magic angle (Lakowicz, 1983) , were fit to a sum of n exponentials:
where ai and Ti are the amplitude and lifetime of the ith component, respectively. To obtain the parameters describing the decay of the emission anisotropy, r(t), a decay curve obtained with a vertically-oriented emission polarizer, I(t), and a decay curve obtained with a horizontally-oriented emission polarizer, Ih(t), were analyzed simultaneously with Im(t) (Waxman et al., 1993) using the following expressions:
where 4j terms are the rotational correlation times. The 1Bj terms are dependent on several factors, including the orientation of the excitation and emission dipole moments of the fluorophore with respect to each other and the rotational axes of the macromolecule. The time 0 anisotropy, r., is defined as S;i. All fits were judged by the reduced x2, the weighted residuals, and the autocorrelation of the residuals. The steady-state anisotropy, (r), was applied in some r(t) analyses to scale Iv(t) and Ih(t) (Badea and Brand, 1979) .
RESULTS AND DISCUSSION

Spectral analysis
The lowest-energy electronic absorption band of 3-MI dissolved in buffer is shown in Fig. 2 A. The maximum is near 350 nm, well separated in energy from the absorption bands of the usual nucleotides and the aromatic amino acids. Also displayed in Fig. 2 A is the same absorption band for the ss form of oligo Pterl8; concentrations were adjusted to match peak absorbances and thus facilitate a comparison. Although a small shift to lower energies (red-shift) is observed with Pterl8, there are no perturbations in the shape of its spectrum with respect to the 3-MI spectrum. The absorption spectra for the other ss oligos and all of the ds oligos are similar to that seen for Pterl8 and are therefore not shown. Several of the ds oligos, however, exhibit an additional small red shift compared with their corresponding ss oligos.
The absorption maxima for all samples are listed in Table 2 and are in agreement with other 3-MI-containing oligos previously examined (Hawkins et al., 1995 (Hawkins et al., , 1997 . It can be concluded, therefore, that the energies of light absorbed by the analog are not affected to any significant extent by: 1) the length of the oligo, 2) the position of the 3-MI chromophore relative to the 5' end, or 3) the sequence of nucleotides immediately 5' or 3' of the probe. The additional small shift in absorption maxima observed for some of the ds oligos also does not correlate with the above three factors. The small shift to lower absorption energies observed with the ss oligos, and the additional small shift seen with several of the ds oligos, however, is characteristic of many aromatic chromophores entering an environment less polar than that of water (Cantor and Schimmel, 1980) . Thus, it appears that the analog is less exposed to solvent when it is incorporated into a polynucleotide chain. As shown in Fig. 2 B, the fluorescence emission spectrum of 3-MI in buffer is a broad, structureless band with a maximum (uncorrected) near 425 nm. Fig. 2 B also shows that the emission spectrum of 3-MI incorporated into ss Pterl8 resembles the spectrum for 3-MI free in solution with no changes in the shape of the emission spectrum. The emission spectra for all of the other ss and ds oligos (not shown) essentially overlay the spectrum of ss Pterl8, including the small shift to higher energies (blue-shift) observed for 3-MI in an oligo compared with 3-MI in solution. Maximal wavelengths for the fluorescence emission of the various samples are given in Table 2 ; these values are consistent with those for other 3-MI-containing oligos previously examined (Hawkins et al., 1997) . As discussed above for the small absorption shift, the small blue-shift in the emission spectra of 3-MI in the oligos suggests that the fluorophore is in a less polar environment (Lakowicz, 1983) . In addition, in direct analogy with the absorption results, it appears that the energy of the excited state is not affected to any significant extent by 1) the length of the oligo, 2) the position of the 3-MI probe relative to the 5' end, 3) the sequence of nucleotides immediately 5' or 3' of the probe, or 4) the ss or ds state of the oligo.
The energy shifts in absorbance and emission observed for 3-MI incorporated into these short oligos suggest that the fluorophore is in a different environment than that experienced by 3-MI in solution. The magnitude of these shifts, however, is small. As a consequence, it would be difficult to use these spectral shifts to evaluate the polar nature of the local environment for 3-MI in an oligo similar to the way that different environments have been established for tryptophan residues in a protein (Eftink, 1991) . In combination with the insensitivity of the spectra with respect to oligo length, analog position, neighboring nucleotides, and ss or ds forms, these small spectral shifts are not an effective way to assess the local environment of this nucleotide analog. However, the absorption and emission maxima of near 350 and 425 nm, respectively, demonstrate the possible advantages of using 3-MI and related analogs (Hawkins et al., 1997) 
Quantum yields
The fluorescence quantum yield of 3-MI dissolved in a 10 mM Tris, pH 7.5 buffer has been reported to be 0.88 relative to quinine sulfate in 0.1 N sulfuric acid (Hawkins et al., 1995) . Upon incorporation into oligos, however, its quan-tum yield decreases (Hawkins et al., 1995 (Hawkins et al., , 1997 . The fluorescence quantum yield of 3-MI when incorporated into all of the ss oligos listed in Table 1 is also reduced, ranging from 0.006 to 0.53 compared with 3-MI in standard buffer, which has been assigned a relative quantum yield of unity. In an attempt to assess the cause(s) of this wide range of values, a bar graph was generated (Fig. 3) arranging the oligos in order of increasing fluorescence quantum yield. Various factors were then examined to explain the results. The position of the probe within the oligo, relative to the 5' end, does not appear to affect the quantum yield; this has been noticed previously in other 3-MI-containing oligos (Hawkins et al., 1997) . In addition, a correlation between oligo length and quantum yield is not apparent.
As indicated in Fig. 3 , all nine of the ss oligos with a quantum yield less than 0.1 have a purine immediately 5' or 3' of the chromophore. Furthermore, based on Pter4 and SK38P3, a 3' purine appears to attenuate the quantum yield more than a 5' purine does. Interestingly, the lowest fluorescence quantum yields are found with adenine both 5' and 3' of the probe. When both the 5' and 3' nearest neighbors are pyrimidines, a significant increase in quantum yield is observed, with thymidine perhaps permitting a higher quantum yield than cytosine. The larger fluorescence quantum yield for BL-3 compared with Pterl 8, both of which have 5' and 3' thymidines and are 21-mers with the probe at position 7, is difficult to assess. Although it has been reported that the second nearest neighboring bases can have a small effect on the quantum yield (Hawkins et al., 1997) , they are the same in BL-3 and Pter-18. All of the fluorescence quantum yields for the ss oligos have also been listed in Table 2 , which has been organized into four groups based on the type of nucleotides (purine or pyrimidine) immediately 5' and 3' of the 3-MI probe.
Formation of the ds oligo results in a further reduction in quantum yield. The extent of this effect depends on the type of nucleotides immediately 5' and 3' to the 3-MI. For those oligos of type -Pyr-(3-MI)-Pyr in Table 2 , there is at least an order of magnitude loss in quantum yield between the ss and the ds forms. A much smaller effect is found for the oligos in the other three classes in Table 2 , but those already had significantly lower quantum yields for the ss oligos due to the presence of one or more purines. As a result of this differential sequence effect on quantum yield upon going from a ss to a ds oligo, the hierarchy observed above for the quantum yield of 3-MI changes slightly as shown in Fig. 4 . Although the overall trend of neighboring purines is maintained, especially when 3' of 3-MI, there are some exceptions. For example, HP-5, BL-2, EcoRl, and PCR6 now have different places in the quantum yield ranking of the oligos.
The reason for this realignment of the oligos with respect to their relative fluorescence quantum yields is not immediately apparent. Although experimental error could play a role, especially as these quantum yields are quite small, repeated quantum yield determinations have indicated that variations between measurements are an order of magnitude smaller than variations between different oligos. When determining a relative quantum yield for an oligo, there may also be an effect from neighboring bases on the absorbance of the probe (Brown and Brown, 1991) . The shielding of absorbance by neighboring bases could influence the accuracy of the absorbance measurement, which is critical for a quantum yield determination, and this could cause small differences in quantum yields for a fluorescent nucleotide analog in similar oligos. It is quite clear, however, that the large differences in quantum yields resulting from whether a purine or a pyrimidine is 5' and/or 3' of the 3-MI probe is not a result of this absorbance shielding effect.
Similar fluorescence quantum yields have been reported for other 3-MI-containing ss and ds oligos (Hawkins et al., 1997) . However, the large decrease upon ds formation for FIGURE 4 The relative fluorescence quantum yields (Table 2) , arranged by increasing magnitude, for the ds oligos listed in Table 1 . Each oligo is labeled with the three nucleotides centered around the 3-MI probe depicted by F.
several of the samples has not been seen previously. To test this ss--ds effect on quantum yield, a qualitative DNA melting experiment (not shown) was performed on the Pterl8 ds sample. A large increase (-five times) in fluorescence intensity was observed upon raising the solution temperature slowly from 25 to 75°C. This is consistent with the release of quenching induced by ds formation; the full quantum yield effect was not observed due to the adverse effect of higher temperatures on fluorescence quantum yields. The Tm was estimated to be in the 50-60°C range, in agreement with melting temperatures previously determined by calorimetry for other 3-MI-containing 21-basepair oligos (Hawkins et al., 1997) . Therefore, because the fluorescence quantum yield can change between ss and ds oligos, 3-MI could be used as a sensitive monitor for sitespecific ds->ss transitions.
Hawkins et al. previously noted this nearest-neighbor purine effect (Hawkins et al., 1995 (Hawkins et al., , 1997 and have shown that it can be applied to the monitoring of DNAse-like activities (Hawkins et al., 1995) . They demonstrated that the 3' processing activity of HIV integrase can be easily assayed by the use of a synthetic oligo substrate that contains 3-MI. The substrate was constructed to be cleaved between 3-MI and its 5' purine neighbor with release of a dinucleotide product containing the 3-MI. Cleavage of the DNA was measured by the increase in fluorescence resulting from the release of the 5' purine quenching effect. Consequently, 3-MI not only can be used to provide biophysical parameters as observables to help examine macromolecular interactions but also can be a practical probe to facilitate sensitive biochemical assays.
The environment seen by the 3-MI probe within an oligo must be responsible for the loss of fluorescence intensity. In general, there are two ways the local environment could affect the fluorescence quantum yield. First, the quenching mechanism(s) inherent in chemical groups such as a phosphate from the oligo could add to the nonradiative processes that de-energize the excited state without the emission of a photon. This would be a kinetic process resulting in a reduced fluorescence lifetime for 3-MI in an oligo compared with 3-MI in solution. Second, the isoxanthopterin ring system could be forming a ground-state complex with one or more potential quenching groups. For example, the neighboring purine effect on quantum yields could be the result of base-stacking interactions. Although a photon could still be absorbed, the energy would be instantly lost to the complex. This is an example of static quenching that will not result in a reduced fluorescence lifetime. Consequently, to differentiate between these two possible mechanisms, time-resolved fluorescence intensity decay studies must be performed.
Fluorescence intensity decay As shown in Table 3 , the first excited singlet state of 3-MI 6.5 ns. When incorporated into oligos, however, the fluorescence intensity decay of 3-MI becomes more complex, requiring up to four exponentials to fit the intensity decays of the ss and ds oligos examined here (Table 3 ). The intensity decay of one sample, the ds form of BL-3, can be described by a sum of three exponentials. Previous work has reported a sum of three exponentials for the decay of 3-MI in other oligos (Hawkins et al., 1997) . It should be emphasized, however, that the use of three or four exponential terms to define the fluorescence intensity decays of the ss and ds oligos containing a single 3-MI probe does not suggest a kinetic mechanism. A sum of exponentials is merely a convenient way to approach the analyses; the combination of nonradiative and radiative events may not even result in an exponential decay process (Lakowicz, 1983) . More studies will be required to elucidate the kinetic scheme controlling the fluorescence intensity decay of 3-MI incorporated into an oligo. It is very interesting to note that there is a similar increase in the complexity of the fluorescence intensity decay of 2-AP upon its incorporation into an oligo (Nordlund et al., 1989; Guest et al., 1991; Hochstrasser et al., 1994) . Furthermore, the magnitudes of the lifetimes and their associated amplitudes are similar between the two nucleotide analogs. A study is underway to examine whether the similar intensity decay patterns seen for both 3-MI and 2-AP upon introduction into an oligo are a result of a similar process or processes.
Although there are variances between corresponding amplitude and lifetime terms listed in Table 3 among the various ss oligos, some generalities can be made. First, the different lifetimes are all within the same range of values: -0.1, -0.5, 1-2, and -5 ns. Second, the sum of the amplitude terms for the two shortest lifetimes is >0.5 when there is a 3' purine (except for the oligos BL-1 and PCR7-1). For those oligos with a 3' pyrimidine, the amplitudes for the two longer lifetimes dominate. Third, the exponential component with the longest lifetime is the largest contributor to the fluorescence intensity decay.
Some changes in intensity decay parameters were observed after formation of the ds oligos (Table 3) . Surprisingly, knowing the reduction in the quantum yields, the lifetimes changed very little and often demonstrated a slight increase. With some oligos, there was a dramatic increase in the amplitudes for the shorter lifetimes at the expense of the amplitudes for the longer lifetimes. However, this was not seen for all oligos nor can it be categorized based on the type of nucleotide immediately 5' and 3' of the probe.
In the absence of a known kinetic mechanism to account for each amplitude and lifetime, a comparison of average lifetimes is often informative. Both the number-average and the intensity-average lifetimes have been calculated (see Table 3 for their definitions). The number-average lifetime, T, represents the area under the decay curve and is therefore related to quantum yield (Lakowicz, 1983 Table 2 . #Amplitudes normalized to a sum of 1. §The percent contribution of each exponential component to the total fluorescence intensity: 100 X (aiTi/7aiTi). individual fluorescence lifetimes. Bar graphs were then constructed for each set of average lifetimes, consisting of both ss and ds data but in increasing order with respect to the ss oligos; the intensity average lifetimes are displayed in Fig. 5 . There is no obvious relationship of 3-MI position or oligo length to the intensity average lifetimes. In addition, the groupings based on nucleotide sequence seen with the quantum yields (Fig. 3) do not apply to Fig. 5 . There are also not any obvious correlations between ss and ds intensity-average lifetimes, especially as some decrease, some increase, and others are insensitive to the ss or ds status of the oligo. A similar inability to find relationships is found with the number-average lifetimes (not shown). Consequently, an examination of either average lifetime does not provide any correlations with respect to the location of the 3-MI probe in the oligo nor the length or sequence of the oligo.
An important observation is that, although both average lifetimes for 3-MI in each oligo are less than those for 3-MI in solution, neither the number-average nor the intensityaverage lifetime for each sample decreased to the same extent that their relative quantum yields did (Tables 2 and  3 ). This implies that, although some additional dynamic quenching processes occur within an oligo, the substantial portion of the loss of fluorescence intensity is due to static quenching interactions. To show this difference between the steady-state and time-resolved fluorescence parameters in another way, the ratios of the number-average lifetimes to the corresponding relative quantum yields were calculated and are listed in Table 4 . If it is assumed that this ratio for 3-MI in solution represents only dynamic quenching processes, then ratios above 6.5 depict the presence of static quenching conferred by interactions with the oligonucleotide. This ratio for those ss oligos without a purine either 5' or 3' of 3-MI is similar to that for 3-MI, suggesting that little static quenching occurs when the nearest neighbors are both pyrimidines. However, when a purine is either 5' or 3' of the probe, then a significantly higher ratio is observed for the ss oligos. In analogy with the quantum yield results, the ratio for a 3' purine is larger than for a 5' purine, suggesting that the interaction leading to static quenching is favored when the purine follows the 3-MI probe in the sequence. The largest ratios are found for those oligos with a purine on both sides of 3-MI, excluding the as yet unexplained exception of PCR6.
For most samples, this ratio increased upon formation of the ds oligo. A larger increase appeared to be associated with those oligos having a purine next to the probe. This increase suggests that the lower fluorescence quantum yields seen with the ds oligos are also primarily a result of static quenching interactions, especially as the average lifetimes for some of the ss oligos actually increased on formation of the ds oligo. The further quenching of 3-MI could be a result of additional interactions with the complement nucleotide strand. In addition, quenching interactions could be enhanced with components of its own strand due to new structural constraints following formation of the double helix. For example, the ds environment could alter the equilibrium and thus increase the probability of forming a ground-state, statically quenched complex. For three oligos, EcoRl, Pter4, PCR6, and perhaps Pter7, the ratio decreased for the ds compared with the ss oligo. One possible explanation for this observation would be that formation of the ds Table 2. #The number-average lifetime (Table 3) divided by the relative quantum oligo actually hinders the formation of ground-state complexes responsible for static quenching. It therefore appears that a majority of the loss in quantum yield results from formation of a ground-state complex between the nucleotide analog and one or more elements of the oligo. This complex then acts as a static quencher. In the ss samples, the efficiency of complex formation, the static quenching mechanism, or both, is favored when a purine is immediately 5' or 3' of 3-MI. If there is a purine both 5' and 3' of 3-MI, the quenching effect is enhanced. The major contribution to the further loss of fluorescence intensity for the ds oligos is also static quenching. More studies are obviously required to help elucidate the nature of these static quenching effects. Questions to be addressed include whether there is a difference between adenine and guanine as the 5' or 3' neighboring purine, as suggested by the quantum yield data, and whether these interactions also contribute to the complex fluorescence intensity decay kinetics. The latter possibility stems from the observation that the only large variations in the intensity decay parameters between the different oligos, and between ss and ds oligos, were with the amplitudes. Such variations could suggest a shift in equilibrium populations between a ground-state complex required for static quenching and an environment where the quenching group dynamically interacts with 3-MI.
Additional characterizations
Two other experimental approaches have been used to help evaluate the usefulness of 3-MI as a fluorescent nucleotide analog. The first, quenching by an added solute, quickly proved its inability to provide any information. The second, time-resolved anisotropy, has yielded only hints of relevant information due to questions regarding the appropriate mathematical function to use for data analysis. The details of both approaches are highlighted below.
Steady-state and time-resolved fluorescence quenching experiments were performed, using acrylamide to avoid electrostatic interactions, to evaluate the accessibility of solvent to 3-MI as well as to provide information about interactions between 3-MI and its neighboring nucleotides. The data (not shown) for the quenching of 3-MI in buffer revealed some interesting and unexpected results. First, an upward curving steady-state Stem-Volmer plot denoted the presence of static quenching (Eftink and Ghiron, 1981; Laws and Contino, 1992) due to a ground-state complex between 3-MI and acrylamide; acrylamide has been previously shown to form static quenching complexes with a variety of fluorophores (Eftink and Ghiron, 1981; Casali et al., 1990; Contino and Laws, 1991 (Eftink and Ghiron, 1981) . Third, similar steady-state and time-resolved results were observed for DMI (see Fig. 1 ), implying that yield (Table 2) . dynamic interactions with solutes. Consequently, the inability of acrylamide to quench 3-MI (or DMI) in solution by a dynamic interaction remains unresolved. Even more intriguing was the finding that neither dynamic nor static quenching was occurring with the ss oligos EcoRl and Pterl8. As the results above indicated the existence of ground-state complexes leading to static quenching, the inability to quench 3-MI in a ss oligo is likely due to steric hindrance. Based on these results, no attempt was made to perform quenching experiments with ds samples. In analogy with the absorption and emission spectra, quenching by acrylamide does not appear to be a way to assess the local environment of 3-MI in an oligo. More experiments will have to be done, however, as it is conceivable that other agents besides acrylamide may be able to dynamically quench 3-MI and thus help define its environment in an oligo.
Time-resolved fluorescence anisotropy experiments were performed for all samples. The anisotropy decay of 3-MI in buffer can be described by a single rotational correlation time near 80 ps. However, a time nearer 50 ps might be expected, assuming that 3-MI is a sphere of a radius estimated from its most extended conformation. To help resolve this difference, 3-MI was modeled by a set of spheres representing the carbons, nitrogens, and oxygens, and the hydrodynamic parameters of this object were calculated using the program HYDRO (Garcia de la Torre et al., 1994) . Three conformations were examined: 1) stacked deoxyribose and isoxanthopterin rings, 2) extended with coplanar rings, and 3) extended with orthogonal rings. When four spheres representing water molecules hydrogen bonded to 3-MI were included, the calculated correlation times for the extended orthogonal conformation were in the range of 70-90 ps. Although this modeling is not conclusive, it suggests that a rotational correlation time of 80 ps for 3-MI in water is reasonable.
The excitation and emission dipoles of 3-MI appear to be nearly parallel. The (3 term for the anisotropy decay of 3-MI obtained with 323 and 335 nm excitation, 0.38, is close to the theoretical maximum of 0.4 for the anisotropy at time 0 (r.). In addition, these values agree with the principle polarization spectrum for 3-MI dissolved in glycerol (Fig. 6 ), which indicates that the low-energy absorption band consists of a single transition with a limiting (r) near 0.39.
For a comparison with 2-AP-containing oligos, fluorescence anisotropy decay experiments were also conducted on all of the ss and ds forms of the oligos listed in Table 1 . Unfortunately, none of the data sets have been analyzed satisfactorily. If an analysis was able to yield acceptable fits for all three decay curves (Im(t) Iv(t), and Ih(t)), then one or more of the iterated parameters had values that were not physically relevant. For example, the sum of the ,j terms (r.) was >0.4 and/or the longest rotational correlation time was >100 ns. If all parameters were set to reasonable values, then unacceptable fits were observed. This occurs even when the ai and Ti terms for Im(t) were determined first and then held constant during the iterations for the r(t) parameters. The inability to analyze these data sets appears to be a direct consequence of using an inappropriate mathematical function to model the anisotropy decay. For lack of a better model, each lifetime component of the intensity decay has been linked to each of the rotational correlation times. This model, however, assumes that each lifetime is the result of a specific, resolvable kinetic event. As we do not know the kinetic mechanism describing the time-dependent loss of fluorescence intensity, and have only fit the data to an arbitrary sum of exponentials, we do not know what each lifetime represents. To analyze the anisotropy decay of these 3-MI-containing oligos, the kinetic mechanism describing the fluorescence intensity decay must first be determined, and then the correct linkages between intensity decay events and depolarization events must be found.
Despite the inability to resolve the anisotropy decay of these oligos, certain general information concerning the dynamic motions of the 3-MI probe in an oligo can be deduced from the analyses. In most cases, three correlation times were required: two short (--1 ns) ones and one representing that expected for the global rotation of the oligo (.10 ns). The magnitude of the short correlation times are indicative of depolarizing motions involving the 3-MI probe independent of the rest of the oligo. Based on the harmonic mean correlation time ((O-1) = [Y.3j/4j]/P,j), these rapid motions dominate the depolarization process. This is observed even in the ds samples, which suggests that the 3-MI probe is still able to undergo independent motions leading to the depolarization of fluorescence in the ds samples as freely as in the ss samples. As 3-MI is unable to make hydrogen bonds exactly analogous to guanine, it is possible that its presence introduces a perturbation into the structure of the DNA at that location. As a result, the 3-MI probe could have as much freedom of independent motion on the nanosecond time scale in the ds as in the ss samples. This altered structure interpretation is supported by the observation that the melting temperatures for 3-MI-containing ds oligos are lower than guanosine-containing control samples (Hawkins et al., 1997) . In contrast, the similar anisotropy decay parameters previously observed for 2-AP in oligos (Nordland et al., 1989; Guest et al., 1991) , which does base pair normally, could suggest that nucleotide bases have a substantial amount of dynamic motion in an oligo, independent of base pairing, leading to the depolarization of the excited state. It is also possible that these rapid correlation times are related to the process or processes depopulating the excited state, for example, an excited-state reaction leading to a perturbation in the emission dipole moment and thus a depolarization, and do not actually reflect on dynamic motions of the fluorescent base analog. It is therefore imperative that the basic decay mechanism be worked out to enable the full use of these nucleotide analogs for the study of protein-DNA complexes.
